The ob protein, termed leptin, is produced by adipocytes and is thought to act as an afferent satiety signal regulating weight through suppressing appetite and stimulating energy expenditure in humans and/or rodents. Insulin has been found to be a potent stimulator of leptin expression in rodents. It is unclear at present whether this insulin action is a direct or an indirect effect. To investigate whether leptin concentrations in children and adolescents with type 1 diabetes (IDDM) were related to metabolic status, body weight, body mass index and insulin treatment, we have measured leptin concentrations in serum from 13 newly diagnosed IDDM patients before the beginning of insulin treatment (8 girls, 5 boys, aged 4.7-17.5 years) and in 134 patients with IDDM during treatment (64 girls, 70 boys, aged 2.6-20.1 years) using a specific radioimmunoassay. The data from patients with diabetes were compared with normative data that were derived from a large cohort of healthy children and adolescents. Serum from children with newly diagnosed diabetes had significantly lower levels of leptin (mean 1.28 Ϯ 1.60 ng/ml, range 0.14-6.13 ng/ml) compared with healthy children (n ¼ 710) (mean 2.2 ng/ml, range 0.26-14.4 ng/ml) and compared with insulin-treated children and adolescents (mean 5.18 Ϯ 5.48 ng/ml, range 0.26-29.77 ng/ml) (P < 0.0001) even after adjustment for gender and body mass index (BMI). Serum leptin levels in patients with IDDM were significantly correlated with BMI (r ¼ 0.42, P < 0.0001). Multiple regression analysis showed that age and BMI were significantly correlated with leptin levels, while duration of diabetes, mean HbA 1c levels, insulin dose and plasma glucose, triglyceride and cholesterol levels were not. Females had higher serum leptin concentrations than males even when adjusted for BMI (P < 0.0001). Surprisingly and most importantly, leptin levels in insulin-treated young adult (Tanner stage 5) patients were significantly higher than values found in the healthy nondiabetic reference population when adjusted for sex, Tanner stage and BMI.
Introduction
The recent isolation and characterization of the obese (ob) gene and its gene product, leptin, will help us to understand better the molecular pathogenesis of obesity and weight homeostasis (1) (2) (3) (4) . Leptin is a 167 amino acid polypeptide with a molecular size of 16 kDa that is synthesized in adipose tissue. Leptin is thought to signal satiety and filling of peripheral fat stores to the brain, acting through specific receptors in the hypothalamus.
Thus, leptin may play a crucial role in metabolic homeostasis by reducing feeding behavior and food intake and increasing energy expenditure (3) (4) (5) (6) (7) (8) .
Leptin serum concentrations and ob gene expression are increased in human obesity and in various animal models of obesity. In fact, there is a strong positive correlation between serum leptin concentrations and body mass index (BMI) and body fat content (9) (10) (11) . In addition, leptin production by adipose tissue seems to be under neuroendocrine control. In humans and animals, factors involved in glucose metabolism, such as glucose itself, insulin, glucocorticoids and a variety of cytokines have been found to be potent regulators of leptin expression (7, 9, 12, 13) . In vivo, insulin has a strong stimulatory effect on leptin in rodents (7, 14, 15) , while the data in humans are conflicting. Although some reports suggest that in humans insulin does not stimulate leptin production (16, 17) , there is evidence from clinical (9, 18) and also from in vitro studies (19) that insulin does have a role in leptin regulation. Only sparse information is available to answer the question whether diabetes itself and/or metabolic control in patients with type 1 diabetes (IDDM) are related to serum leptin levels in such patients.
One of the well known side effects of intensified insulin treatment of adolescents and young adults with IDDM is its association with increased weight gain and development of obesity (20) (21) (22) . Therefore, we have measured serum leptin concentrations in children and adolescents with IDDM at the onset of diabetes before initiation of insulin treatment and also during insulin therapy and compared these data with normative data from a large cohort of healthy children and adolescents. We have asked whether or not metabolic control, insulin treatment, BMI, sex, age and pubertal stage are related to serum leptin levels in young patients with IDDM.
Subjects and methods

Patients and control subjects
We have studied 147 children und adolescents with IDDM (72 girls and 75 boys). Clinical and auxologic data from the patients were obtained during routine out-patient visits and recorded using a computerized standard data sheet. At the time of blood sampling 13 patients (untreated patients, 8 girls and 5 boys) had not yet received exogenous insulin therapy, since they had just been hospitalized with newly detected diabetes. The remaining 134 patients were under various insulin replacement treatment regimens at the time of blood sampling. Clinical and biochemical characteristics of the treated and untreated diabetic patients are shown in Table 1 .
None of the patients had an acute or chronic illness apart from IDDM, none had high blood pressure or microalbuminuria and none had been taking medication other than insulin. None of the patients had given special attention to his/her diet apart from the usual diabetes-related nutrition recommendations. Of the 134 treated patients, 32 were receiving intensified insulin therapy (3 or 4 daily injections) and 102 were on more conventional insulin treatment (1 or 2 daily injections). Serum was obtained when venous blood was drawn for clinical reasons for the measurement of cholesterol, triglycerides and creatinine during routine visits in the afternoon. Sera were obtained by centrifugation at 4 ЊC, immediately frozen and stored at ¹20 ЊC until further analysis. The reference range of serum leptin levels was determined from 710 healthy children and adolescents (aged 5-20 years) from a large population study (23) . Informed consent had been given by the patients and/or their families. The study was approved by the Ethics Committee of the Justus Liebig University of Giessen, Germany.
Anthropometric measurements
Weight and height (measured with a Harpenden stadiometer) were recorded in all patients. Measurements were expressed as S.D. score (SDS) for chronological age using the references from the Zurich longitudinal study (24) . Pubertal stage, based on pubic hair and breast development, was assessed according to Tanner (25) . Sixty-five of the diabetic subjects were prepubertal (Tanner stage 1), 40 were pubertal (Tanner stage 2-4) and 42 were postpubertal (Tanner stage 5). BMI (kg/m 2 ) was calculated for all patients and subjects.
Laboratory measurements
HbA 1c was determined from venous blood by a commercially available monoclonal antibody technique (DCA 2000, Ames, Bayer, Leverkusen, Germany) (normal range in non-diabetic healthy adults 4.5-6.1%) (26) . Blood glucose, cholesterol and triglyceride determinations were performed using a hexokinase method and an automated laboratory system (TDX) respectively.
Leptin radioimmunoassay
Leptin levels were measured with a specific radioimmunoassay (RIA) using human recombinant leptin for tracer and standard preparation (a kind gift from Dr Heiman, Lilly Research Laboratories, Indianapolis, IN, USA). Details of this RIA have been described elsewhere (23, 27) . Sensitivity of the assay with undiluted samples was 0.03 ng/ml. Coefficients of inter-and intra-assay variation were 8.5 and 0.8% respectively.
Statistical analysis
Statistical analysis was performed using the GraphPad Prism (GraphPad Software, San Diego, CA, USA) program. Data with Gaussian distribution were correlated by linear regression. Nonparametric data were compared by Mann-Whitney U test and parametric data were compared by two-tailed t-test. Results are expressed as means Ϯ S.D., median and range. Serum leptin and triglycerides concentrations were log normally distributed. Correlation coefficients were determined by linear regression analysis. Because of extreme values in the distribution of pubertal stages and insulin injection numbers per day, the comparisons between groups were evaluated by Spearman correlations using the SPSS (Software Package for the Social Sciences, USA) and the Prism (version 2.0, GraphPad Software) programs. Multiple regression analysis was used to examine the effect of multiple independent variables (e.g. age, BMI, HbA 1c , duration of diabetes and insulin dose) on a single dependent variable (e.g. serum leptin concentration). All statistical tests were two-tailed and significance was defined at the P < 0.05 level.
Results
Clinical and auxologic data of children and adolescents with IDDM
Clinical data of the children and adolescents with IDDM are summarized in Table 1 . Height SDS, serum cholesterol and triglyceride concentrations were similiar in newly manifested and treated IDDM patients, while the groups differed significantly in respect to mean age, BMI, HbA 1c , pubertal status, mean age at onset of diabetes and serum glucose. HbA 1c and glucose levels were significantly higher in newly manifested patients (P < 0.0001 and P < 0.001 respectively) whereas mean age, BMI, and pubertal stage were significantly lower compared with those receiving insulin treatment (mean age P < 0.05, BMI P < 0.0001, pubertal status P < 0.05). Mean age at onset of diabetes was higher in the group of untreated diabetic patients (P < 0.05). to gender. There was a significant difference between the leptin levels of patients before initiation of insulin treatment and the levels in treated patients irrespective of whether or not patients were differentiated according to sex (P < 0.0001). More specifically, patients' serum leptin concentrations were analyzed based upon BMI, gender and pubertal stage. Figure 1 shows the distribution of the serum concentrations of leptin from insulin-treated female and male patients according to BMI within the 5th, 50th and 95th percentiles as grouped according to pubertal stage. Serum leptin concentrations were significantly higher in girls than in boys (6.81 Ϯ 6.33 ng/ml vs 2.88 Ϯ 3.20 ng/ml, P < 0.0001). Serum leptin concentrations in treated adult patients (Tanner stage 5) were significantly higher than those in the reference population when adjusted for sex, pubertal stage and BMI (Table 3 ). Figure 2 shows the distribution of serum leptin concentrations from newly diagnosed female and male patients before initiation of insulin treatment according to BMI within the 5th, 50th and 95th percentiles.
Serum leptin levels in children and adolescents with IDDM
Relation between serum leptin concentrations and metabolic and clinical parameters in children and adolescents with IDDM
Single correlations assessed by linear regression analysis between log leptin and clinical and biochemical parameters in all patients and in the treated diabetic patients alone are presented in * P, the probability of a significant difference between the patients' cohorts and the corresponding reference groups. n.s., not significant. leptin levels and triglycerides in serum. In addition, log transformed concentrations of leptin correlated with SDS height, HbA 1c and cholesterol levels in the treated patients when linear regression analysis was performed.
In the entire study population, BMI was positively correlated with age (r ¼ 0.38, P < 0.0001), duration of diabetes (r ¼ 0.26, P < 0.0001) and insulin dose per body weight (r ¼ 0.13, P < 0.0001), whereas we found no significant relation between BMI and HbA 1c , cholesterol and triglyceride plasma levels.
To investigate the effects of puberty on BMI and leptin levels in IDDM, female and male subjects were grouped according to pubertal stage, i.e. prepubertal (Tanner stage 1), pubertal (Tanner stage 2-4), and postpubertal (Tanner stage 5). BMI and leptin levels from prepubertal female subjects (n ¼ 14) were significantly lower than those of pubertal females (n ¼ 26) (BMI 16.4 Ϯ 2.0 kg/m 2 vs 18.8 Ϯ 3.0 kg/m 2 , leptin 2.8 Ϯ 2.3 ng/ml vs 4.77 Ϯ 2.88 ng/ml, P < 0.05). Female adolescents (n=32) (Tanner stage 5) had even higher BMI and serum leptin levels than pubertal girls (BMI 22.4 Ϯ 3.4 kg/m 2 , leptin 12.64 Ϯ 6.8 ng/ml, P < 0.001). Male prepubertal subjects (n ¼ 33) also had significantly lower BMI and leptin levels compared with pubertal male subjects (n ¼ 26) (BMI 16.8 Ϯ 2.6 kg/m 2 vs 20.5 Ϯ 2.1 kg/m 2 , P < 0,0001, leptin 2.11 Ϯ 2.67 ng/ml vs 3.6 Ϯ 3.22 ng/ml, P < 0.001). In males, leptin levels did not differ between pubertal and postpubertal subjects (n ¼ 16, 3.6 Ϯ 3.22 ng/ml vs 3.31 Ϯ 3.95 ng/ml, not significant), although BMI was higher in postpubertal subjects than in pubertal boys (23.6 Ϯ 2.9 kg/m 2 vs 20.5 Ϯ 2.1, P < 0.05).
Serum log levels of leptin and BMI were significantly correlated in girls (r ¼ 0.72, P < 0.0001) and in boys (r ¼ 0.51, P < 0.0001).
Multivariate regression models were used in order to analyze the contribution of independent variables (age, BMI, duration of diabetes, HbA 1c and insulin dose) to the variation in serum leptin concentrations. The results of these analyses are shown in Table 5 . The relations between leptin and BMI and age, already observed in the univariate regression model, were confirmed in the multiple regression analysis. In contrast, duration of diabetes, HbA 1c and insulin dose were not related to leptin in IDDM patients when analyzed by multivariate regression models (Table 5) . Table 4 Correlations of log leptin to clinical and biochemical parameters in all patients and in insulin-treated diabetic patients.
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Discussion
Low leptin levels, even after adjustment for BMI, were present at clinical presentation of diabetes in a small cohort of children and adolescents with IDDM before insulin treatment was begun. There are several possible explanations for this finding. (i) Low leptin levels in patients with newly onset diabetes might be related directly to the absent or low insulin levels in these patients. In fact, data from animal experiments suggest that insulin directly induces leptin expression, pointing to insulin as an important regulator of leptin (7, (28) (29) (30) . In addition, streptozotocin-treated diabetic mice have reduced leptin mRNA levels which are partially restored by insulin treatment (14) . In humans, however, reports on the influence of insulin on leptin are conflicting. While in some studies in the human leptin levels were not influenced by hyperinsulinemia and meal-related increases in circulating insulin levels (17, 29, 31), Malmstroem et al., by using hyperinsulinemic clamps have also shown that insulin significantly stimulated serum leptin concentrations in man (18) . In a more recent paper it is stated that 'leptin levels were higher in IDDM subjects and remained unchanged during (acute) hyperinsulinemia' (32) . The most direct proof, however, that insulin stimulates leptin expression and synthesis in humans stems from in vitro studies with differentiated human adipocytes (19) .
(ii) Alternatively, very high glucose concentrations in these children prior to blood sampling could also suppress leptin levels. However, data regarding a putative regulation of leptin expression by glucose are conflicting. In mice and humans ob mRNA was inhibited by food restriction associated with glucopenia and was stimulated by injection of glucose in some (33, 34) but not in other (11) studies. We found no correlation between serum glucose and leptin concentrations in IDDM patients receiving insulin. (iii) Our patients with IDDM at the onset of diabetes before the initiation of insulin treatment had low BMI values that were also significantly lower than the BMI values in treated diabetic patients. Thus, a reduced body fat mass due to increased lipolysis following insulin deficiency might have resulted in reduced absolute leptin levels in these patients. However, when leptin levels were adjusted for BMI by calculating S.D. scores, they were still significantly lower than in healthy control children (Fig. 2) . Moreover, assuming that the reduced weight of these patients was, in part, also due to dehydration, the calculation of BMI-related leptin SDS would over-rather than underestimate leptin values with respect to fat mass. These findings suggest, therefore, that insulin may indeed be an important regulator of leptin levels in man.
The major determinants of serum leptin levels in IDDM patients were BMI, sex, pubertal stage and, independent from pubertal stage, age. Females had significantly higher leptin levels than males. These data are consistent with results from previous studies which also showed that serum leptin concentrations are strongly correlated with BMI and age, both in healthy adults (9, 17, 28, 33, 35, 36) and in non-IDDM patients (33) . When the female diabetic patients were grouped with regard to pubertal status, there was a progressive increase in both BMI and serum leptin levels with progress of puberty. This is in accordance with the recent report of Ma et al. in which they also found lower leptin levels in prepubertal girls than in lean adult women (35) . In contrast, absolute leptin levels of males did not increase between pubertal and postpubertal stages despite the fact that BMI values also increased during puberty and early adulthood in the male patients. The most likely explanation for this discrepancy is that in females the increase in BMI during and after puberty is mainly associated with an increase in adipose tissue, whereas in males the increase in BMI is due to an increase in muscle mass. Besides this sex difference in body composition direct influences of sex steroids may be causative (23) .
The question remains as to why BMI-adjusted leptin levels in post-pubertal patients were elevated. One of the well known side effects of intensified insulin treatment of adolescents and young adults with IDDM is weight gain and development of obesity (20) , although a reduction in elevated BMI values has also been reported (21) . High food intake in order to avoid recurrent hypoglycemic episodes (22, 37, 38) , and decreased lipolysis (39) have been proposed as possible causes of weight gain associated with insulin treatment of diabetes. It is unclear what role regulatory factors such as leptin might play in the development of obesity in IDDM patients (40) . Using univariate regression analysis, we found that BMI increases with insulin dose and the number of insulin injections per day (data not shown). Also, and most importantly, in the present study we found that adolescents with IDDM have higher serum leptin concentrations compared with a healthy, sex-and age-matched reference population. There are several possible explanations for this finding. (i) It is conceivable that body composition of IDDM patients is altered with the progressive use of multiple insulin injections in late puberty shifting body composition towards increased body fat mass. This explanation represents the most simple model and should therefore be favored as long as there is no further evidence which might support the alternative explanations. (ii) Transient but chronically and repetitively occurring hyperinsulinemia might inadequately stimulate leptin expression. In fact, since exogenous insulin requirements increase during puberty due to reduced insulin sensitivity (38) , higher insulin doses administered by the adolescent patients might lead to transient hyperinsulinemia and subsequent hyperleptinemia. In fact, in a recent study of a small group of adult patients with IDDM, leptin levels were found to be higher in IDDM subjects but remained unchanged during (acute) hyperinsulinemia (32) .
In conclusion, these data provide evidence that insulin could be an important stimulator of leptin synthesis not only in rodents but also in humans. The diminished serum leptin concentrations in patients with newly discovered IDDM could be caused by insulin deficiency and/or increased lipolysis. Insulin replacement then restores leptin concentrations to normal levels in pre-and early pubertal patients. The elevated leptin levels found in late and post-puberty may be due to altered body composition in these patients. In these patients fat mass could be disproportionately increased. Alternatively, intensified insulin therapy could cause chronic hyperinsulinemia. Since these patients develop obesity despite relatively high leptin levels, the question remains whether insulin could also cause some kind of leptin insensitivity, possibly by directly stimulating neuropeptide Y expression in the hypothalamus (41, 42) .
